For the past several decades, we have been able to directly probe the motion of atoms that is associated with chemical transformations and which occurs on the femtosecond (10 215 -s) timescale. However, studying the inner workings of atoms and molecules on the electronic timescale [1] [2] [3] [4] has become possible only with the recent development of isolated attosecond (10 218 -s) laser pulses 5 . Such pulses have been used to investigate atomic photoexcitation and photoionization 6, 7 and electron dynamics in solids 8 , and in molecules could help explore the prompt charge redistribution and localization that accompany photoexcitation processes. In recent work, the dissociative ionization of H 2 and D 2 was monitored on femtosecond timescales 9 and controlled using few-cycle near-infrared laser pulses 10 . Here we report a molecular attosecond pump-probe experiment based on that work: H 2 and D 2 are dissociatively ionized by a sequence comprising an isolated attosecond ultraviolet pulse and an intense few-cycle infrared pulse, and a localization of the electronic charge distribution within the molecule is measured that depends-with attosecond time resolution-on the delay between the pump and probe pulses. The localization occurs by means of two mechanisms, where the infrared laser influences the photoionization or the dissociation of the molecular ion. In the first case, charge localization arises from quantum mechanical interference involving autoionizing states and the laser-altered wavefunction of the departing electron. In the second case, charge localization arises owing to laser-driven population transfer between different electronic states of the molecular ion. These results establish attosecond pump-probe strategies as a powerful tool for investigating the complex molecular dynamics that result from the coupling between electronic and nuclear motions beyond the usual BornOppenheimer approximation.
For the past several decades, we have been able to directly probe the motion of atoms that is associated with chemical transformations and which occurs on the femtosecond (10 215 -s) timescale. However, studying the inner workings of atoms and molecules on the electronic timescale [1] [2] [3] [4] has become possible only with the recent development of isolated attosecond (10 218 -s) laser pulses 5 . Such pulses have been used to investigate atomic photoexcitation and photoionization 6, 7 and electron dynamics in solids 8 , and in molecules could help explore the prompt charge redistribution and localization that accompany photoexcitation processes. In recent work, the dissociative ionization of H 2 and D 2 was monitored on femtosecond timescales 9 and controlled using few-cycle near-infrared laser pulses 10 . Here we report a molecular attosecond pump-probe experiment based on that work: H 2 and D 2 are dissociatively ionized by a sequence comprising an isolated attosecond ultraviolet pulse and an intense few-cycle infrared pulse, and a localization of the electronic charge distribution within the molecule is measured that depends-with attosecond time resolution-on the delay between the pump and probe pulses. The localization occurs by means of two mechanisms, where the infrared laser influences the photoionization or the dissociation of the molecular ion. In the first case, charge localization arises from quantum mechanical interference involving autoionizing states and the laser-altered wavefunction of the departing electron. In the second case, charge localization arises owing to laser-driven population transfer between different electronic states of the molecular ion. These results establish attosecond pump-probe strategies as a powerful tool for investigating the complex molecular dynamics that result from the coupling between electronic and nuclear motions beyond the usual BornOppenheimer approximation.
Following the successful development of isolated attosecond laser pulses less than a decade ago 5 , their use in studying atomic photoexcitation and photoionization 6, 7 and electron dynamics in solids 8 has raised the prospects that molecular sciences may similarly benefit from the introduction of attosecond techniques. The timescale for the motion of atoms associated with chemical transformations is necessarily in the femtosecond domain, but the electronic rearrangement that accompanies the sudden removal or excitation of a selected electron is intrinsically faster. Indeed, the removal of electrons involved in chemical bonding may result in hole dynamics on subor few-femtosecond timescales in systems including biomolecules and biomolecular complexes 11, 12 . Extremely fast molecular dynamics involving electron correlation can also be initiated by the excitation of doubly excited states and by subsequent autoionization processes 13, 14 . Existing experimental implementations of attosecond techniques [15] [16] [17] [18] do not readily lend themselves to the study of intramolecular electronic rearrangement processes. We therefore measure angular asymmetries in the momentum distributions of fragments that result from dissociative ionization, as these asymmetries are directly related to charge dynamics. As a benchmark, we investigate the dissociative ionization of hydrogen molecules (H 2 , D 2 ) and present experimental results mainly for D 2 (for which data are of higher quality). Computational results are for H 2 (for which close-coupling calculations allow a more extensive exploration of the experimental conditions), but are occasionally compared with H 2 measurements that are of lower quality but show behaviour analogous to the D 2 measurements.
The choice of hydrogen as the subject of our investigation follows a rich tradition 19, 20 . An attractive feature of H 2 is that its (intense-field) dissociative ionization can often be understood in terms of the two lowest electronic states, 2 S g 1 (1ss g ) and 2 S u 1 (2ps u ), of the molecular ion (Fig. 1a) . Our experiment (see Methods for details) combines an isolated attosecond extreme-ultraviolet (EUV) pulse 21 , the spectrum of which extended from 20 to 40 eV, with a (time-delayed) intense infrared pulse with identical linear polarization and a full-width at halfmaximum of 6 fs. These dissociate hydrogen molecules to produce the ionic fragments H 1 or D
1
, the velocity and angular distribution of which are then measured 22 . Fig. 1b shows measured kinetic energy spectra for D
, which in the absence of the infrared beam (top trace) have a broad kinetic energy distribution consistent with earlier experimental and theoretical work 23 . Figure 1c shows calculated kinetic energy spectra for H 1 . These are obtained by solving the time-dependent Schrödinger equation (TDSE) for H 2 using a close-coupling method 14 , taking into account all electronic and vibrational (dissociative) degrees of freedom. Because the calculations are performed in real, threedimensional space, they therefore include the effect of electron correlation and interferences between different ionization and dissociation pathways (see Methods for full details). We focus on the detection of fragments from molecules aligned parallel to the laser polarization axis, so our calculations only include states of S symmetry.
On EUV excitation, several pathways can lead to dissociative ionization. The relative weights of the observed pathways depend on the energy of the ionizing photon and on the angle between the directions of ionic fragment observation and laser polarization 23 . For photon energies up to hn 5 25 eV (where h is Planck's constant and n is the photon frequency), direct ionization forms the molecular . Because the evaluation of the kinetic energy distributions in the experiment forces us to include ionic fragments within a 45u cone around the laser polarization axis, involvement of the Q 2 1 P u states cannot be ruled out a priori. When the molecules furthermore interact with a few-cycle infrared pulse, the kinetic energy distributions of the ion fragments change. This is illustrated in Fig. 1d , e, which shows experimental D 1 and calculated H 1 kinetic energy distributions as functions of the relative delay, t, between the attosecond and infrared pulses. (We note that calculations could be performed only for infrared intensities up to 3 3 10 12 W cm 22 and for EUV-infrared delays of up to 12 fs, whereas experimental infrared intensities may have been higher by as much as a factor of two.) In the low-energy regime (E k , 1 eV), the infrared pulse causes bond-softening of the bound 2 S g 1 (1ss g ) vibrational wave packet. The effect peaks at t 5 110 fs, when the wave packet is near the outer turning point of the potential energy curve 9, 26 . When the EUV and infrared pulses overlap (t < 0 fs), the ion signal at kinetic energies of around 8 eV increases strongly and decreases at intermediate energies (3 eV , E k , 5 eV). Guided by the close-coupling calculations, we attribute the high-energy ion signal enhancement to an increase in the excitation cross-section of the 2ps u continuum state caused by infrared-laser-induced mixing of the 2ps u and 1ss g states. The increase may also contain contributions from photoionization of the Q 1 1 S u 1 doubly excited states by the infrared laser. For longer time delays (t . 8 fs), the kinetic energy distribution above 1 eV does not change appreciably with delay and resembles the distribution obtained in the absence of the infrared field (Fig. 1b, c) .
Dissociative ionization of H 2 lends itself to the observation of both laboratory-frame and molecular-frame asymmetries. The first corresponds to an asymmetry in the fragment ejection along the laser polarization axis, and the second corresponds to a correlation or anticorrelation in the direction of emission of the ionized electron and the ionic fragment. Laboratory-frame asymmetries were previously observed in dissociative ionization of D 2 by a carrier-envelope phase-locked infrared laser pulse 10 , and symmetry-breaking in the molecular frame was observed in single-photon EUV dissociative ionization of H 2 and D 2 , mediated by autoionization of the Q 2 1 P u state 27 . We define laboratory-frame asymmetries, A(E k , t), as
where N L (E k , t) and N R (E k , t) indicate the numbers of ions arriving within 45u of the polarization axis on the left-and, respectively, righthand sides of the detector, and d is a small number that prevents a singularity when
Over almost the entire kinetic energy range in which D 1 and H 1 ions are formed, asymmetries are observed that oscillate as functions of t, as shown in Fig. 2a (D   1 ) and Fig. 2c (H   1 ). Delaying the infrared laser by one-quarter of the infrared period (650 as) or by one-half of the infrared period (1.3 fs) leads to a disappearance or, respectively, a reversal of the electron localization. The phase of the asymmetry oscillations strongly depends on the kinetic energy of the fragment that is measured.
The asymmetries can be understood by writing the two-electron wavefunction of singly ionized H 2 as
where, for simplicity, the wavefunction has not been antisymmetrized with respect to electrons 1 and 2, and the ionized electron 2 is described by a continuum orbital of well-defined energy e and angular momentum l g or l u . The observation of a fragment asymmetry relies on the formation of a mixed-parity superposition state that contains contributions (at the same fragment kinetic energy and for the same angular momentum, l u or l g ) from both the 1ss g state and the 2ps u state. This can be recognized from the following expressions for wavefunctions of H 2 1 1 e 2 that have the bound electron localized on the left (Y L ) or the right (Y R ) proton: Kinetic energy (eV) Kinetic energy (eV)
Franck-Condon region hydrogen by an EUV-infrared pulse sequence. a, Photoexcitation of neutral hydrogen leads to the excitation of the Q 1 (red) and Q 2 (blue) doublyexcitedstatesandionizationto the 1ss g and 2ps u states, which can be followed by dissociation. R, internuclear distance; a.u., atomic units (0.529 Å ). b, c, Experimental D 1 (b) and calculated H 1 (c) kinetic energy distributions with (from top to bottom) only the isolated attosecond laser pulse present, with only the fewcycle infrared (IR)
From equations (1)-(3), we see that
Thus, a laboratory-frame asymmetry is formed by a mixed-parity superposition in which the continuum electron has the same angular momentum, l u or l g , in both ionic states, with c 1 , c 4 ? 0 and, respectively, c 2 , c 3 ? 0 (ref. 10). In contrast, a molecular frame asymmetry is caused by an interference of the first and third terms in equation (2), for c 1 , c 3 ? 0, or the second and fourth terms, for c 2 , c 4 ? 0 (ref. 27) . The values of A(E k , t) can be accurately evaluated from the twoelectron wavefunction obtained in the close-coupling calculation, and we find that they reproduce the observed oscillations in A(E k , t) with the periodicity of the infrared laser (Fig. 2b) . The asymmetry oscillations are very pronounced for delays of up to 7 fs and kinetic energies above 5 eV, and decrease in amplitude for delays of more than 7 fs and kinetic energies below 5 eV.
In the absence of the infrared pulse, the EUV photoionization produces a two-electron wavefunction in which only c 2 and c 4 are non-zero, thereby precluding the observation of a laboratory-frame asymmetry. The infrared laser can cause an asymmetry either by changing the wavefunction of the continuum electron (mechanism I; Fig. 3a) or by changing the wavefunction of the molecular ion (mechanism II; Fig. 3c ): mechanism I occurs as a result of the influence of the infrared laser during the photoexcitation process, whereas mechanism II occurs as a result of the interaction of the molecular ion with the infrared laser during the dissociation process.
The asymmetry oscillations in Fig. 2b in the region where the EUV and infrared pulses overlap (t , 8 fs) occur under conditions in which EUV-only ionization produces high-energy fragments (from excitation of the 2ps u state) accompanied by the emission of an s electron (c 4 ? 0). However, the interaction of the infrared laser with this photoelectron redistributes the wavefunction over several angular momentum states, including the p continuum (c 3 ? 0; see Supplementary Fig. 1 ). At the same time, autoionization of the (1) state is suggested by results of a close-coupling calculation in which direct excitation to the 1ss g state by the EUV pump was artificially suppressed (Fig. 3b) : fringes in the region with t , 7 fs and E k . 5 eV are still apparent, even though no wave packet is initially produced in the 1ss g state. Given these lines of evidence, we conclude that mechanism I (Fig. 3a) successfully explains the asymmetry oscillations observed for temporal overlap of the EUV and infrared pulses: these oscillations result from interference of one wave packet in the 1ss g state, predominantly formed by autoionization of the Q 1 1 S u 1 (1) doubly excited state, with a wave packet in the 2ps u state, formed through EUV photoionization and with the continuum electron absorbing one or more photons from the infrared field.
Mechanism I occurs only when the EUV and infrared pulses overlap, whereas mechanism II requires only that the infrared pulse be intense during the dissociation of the molecule so it can induce population transfer between a wave packet dissociating in the 2ps u state and the 1ss g state (Fig. 3c) . Because close-coupling calculations were restricted to intensities #3 3 10 12 W cm 22 and to the excitation of states of S symmetry, the effects of mechanism II are only weakly visible in Fig. 2b . Nevertheless, it is expected to be dominant at the intensities where the experiments were performed and is clearly evident in calculations, performed by numerical integration of the one-dimensional TDSE, that describe the evolution of a vibrational wave packet initially placed in the 2ps u state of the H 2 1 ion (Fig. 3d) . Moreover, under our experimental conditions the potential involvement of the Q 2 1 P u doubly excited states implies a larger population of the 2ps u states than is calculated and, therefore, a reinforcement of the asymmetry at long delays in the region with E k . 5 eV. S u 1 states. Blue arrows indicate the effect of the EUV pulse and red arrows that of the infrared pulse; purple lines and arrows signify dynamics that is intrinsic to the molecule. b, Close-coupling calculations in which direct photoexcitation to the 1ss g state has been excluded, supporting the notion that the Q 1 autoionizing states have an important role in the localization dynamics. c, Asymmetry caused by the interference of a wave packet that is launched in the 2ps u state by direct EUV ionization and a wave packet in the 1ss g state that results from stimulated emission during the dissociation process. d, Time-dependent asymmetry from a two-level calculation in which the wavefunction of the dissociating molecule is considered to be a coherent superposition of the 1ss g and 2ps u states. Results similar to those in Fig. 3d are obtained from an even simpler, semi-classical Landau-Zener model (Methods). In this model, the infrared-laser-induced population transfer during dissociation can be understood in terms of so-called quasistatic states, which are the eigenstates of the 1ss g -2ps u two-level problem in the presence of a (static) electric field:
Here h(t) is related to the splitting, v 0 (R), between the 1ss g and 2ps u states and to the infrared-laser-induced dipole coupling, V g,u (R, t) 5 2m(R)E(t), where m(R) is the electronic dipole moment, by 28 tan½2h(t)~{2V g,u (R,t)=v 0 (R)
Early on in the dissociation process, when v 0 (R) ? m(R)E(t), the Landau-Zener transition probability is small and the nuclear wave packet remains in Y 2 . When v 0 (R) < m(R)E(t), the nuclear wave packet breaks up into a coherent superposition of the quasistatic states, which now furthermore begin to resemble the localized states Y L and Y R . Near the end of the dissociation, when v 0 (R) = m(R)E(t), the nuclear wave packet switches between the two quasistatic states. This merely reflects the fact that the electron is no longer able to switch from left to right, and ensures that the localization acquired in the intermediate region persists. The correlated dependence of the asymmetry on E k and t is caused by the dependence of the localization process on the internuclear distance at which the nuclear wave packet is launched. Rapid electronic processes on timescales reaching into the attosecond regime define our natural environment and are at the heart of photophysical, photochemical and photobiological processes that allow and sustain life. This work has shown that combined experimental and computational efforts allow the use of attosecond pulses for the exploration of molecular systems, thereby establishing a point of departure for the direct investigation of multi-electron dynamics such as electron transfer/localization and autoionization, and of the coupling between electronic and nuclear degrees of freedom on timescales approaching the atomic unit of time.
METHODS SUMMARY
We obtained the attosecond EUV and intense infrared pulses from linearly polarized few-cycle infrared laser pulses with a controlled carrier-envelope phase. The isolated 300-400-as EUV pulses had a spectrum that extended from 20 to 40 eV, and their linear polarization was identical to that of the intense infrared pulses, which had full-widths at half maximum of 6 fs. The relative time delay between the two pulses was changed with attosecond time resolution. The EUV and infrared laser beams were crossed with an effusive H 2 or D 2 gas jet emerging from a capillary incorporated into a velocity-map imaging spectrometer set-up that allows retrieval of the three-dimensional velocity distribution of the ions generated in the two-colour dissociative ionization. To interpret the experimental observations, we solved the TDSE for H 2 using a close-coupling method that includes the bound states, the 2 S g 1 (1ss g ) and the 2 S u 1 (2ps u ) ionization continua, and the doubly excited states embedded in them. The calculations take into account all electronic and vibrational (dissociative) degrees of freedom, and include the effect of electron correlation and interferences between different ionization and dissociation pathways.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Experimental methods. To generate both beams, linearly polarized few-cycle infrared laser pulses with a controlled carrier-envelope phase were divided into a central and an annular part using a drilled mirror. The polarization state of the central part was modulated in time using two birefringent plates to obtain a short temporal window of linear polarization around the centre of the pulse. This laser beam was focused in a krypton gas jet to generate an EUV continuum through high-order harmonic generation 29 . A 100-nm aluminium filter was used to eliminate low-order harmonics and the infrared radiation, and provided partial dispersion compensation of the transmitted EUV light. In this way, single attosecond pulses with a duration of between 300 and 400 as were produced 21 . The attosecond pulses were focused, using a grazing-incidence toroidal mirror, into the interaction region of a velocity-map imaging spectrometer. The annular part of the original infrared beam was focused using a spherical mirror and collinearly recombined with the attosecond pulse using a second drilled mirror. The relative time delay between the two pulses was changed with attosecond time resolution using a piezoelectric stage inserted in the interferometric set-up. The EUV and infrared laser beams were crossed with an effusive H 2 or D 2 gas jet which emerged from a 50-mm-diameter capillary that was incorporated into the repeller electrode of the velocity-map imaging spectrometer 30 . Ions generated in the twocolour dissociative ionization were projected onto a dual microchannel plate plus phosphor screen detector. Two-dimensional ion images were acquired using a low-noise charge-coupled-device camera, and allowed retrieval of the three-dimensional velocity distribution of the ions. Numerical methods. The two-electron close-coupling calculations were performed using an extension of the method reported in ref. 14. Briefly, we solved the seven-dimensional TDSÊ
where r 1 and r 2 are the position vectors of electrons 1 and 2, respectively (each three-dimensional), R is the internuclear distance (one-dimensional),Ĥ H 0 is the H 2 field-free non-relativistic Hamiltonian, W is the time-dependent wavefunction and V(t) is the laser-H 2 interaction potential in the dipole approximation, which is a sum of two terms respectively corresponding to the EUV and infrared pulses separated by a peak-to-peak time delay t, V(t) 5 V EUV (t) 1 V IR (t 1 t), with respective frequencies v EUV and v IR and durations T EUV and T IR . Each pulse has a squared-cosine temporal envelope and is given by the analytical formula
0 elsewhere where t9 5 t for the EUV pulse, t9 5 t 1 t for the infrared pulse, p is the dipole moment and A , where A 0 IR and I IR are respectively the vector potential and the intensity of the infrared pulse, and t was varied from 0 to 12 fs. We solved the TDSE by expanding the time-dependent wavefunction, W, in a basis of fully correlated H 2 vibronic stationary states of S g 1 and S u 1 symmetries, which include the bound states, the non-resonant continuum states associated with the 1ss g and 2ps u ionization channels, and the lowest Q 1 and Q 2 doubly excited states. In this calculation, the TDSE was effectively six-dimensional and the results are exclusively valid for H 2 molecules oriented parallel to the polarization direction. The electronic part of the vibronic states is calculated in a sphere of radius 160 a.u. and the nuclear part in a sphere of radius 12 a.u. The sizes of these spheres are large enough to ensure that there are no significant reflections of electronic and nuclear wave packets at the sphere boundaries for propagation times less than t 1 (T EUV 1 T IR )/2. Non-adiabatic couplings and molecular rotations were neglected.
The two-electron wavefunction that was obtained in the close-coupling calculation lends itself to a detailed analysis of the mechanisms that lead to the measurement of laboratory-frame asymmetries in the dissociative ionization of the molecule. As an example, Supplementary Fig. 1 shows the angular momentum and electronic state-resolved delay dependence of H 1 ions with a fragment kinetic energy in the interval [7.5 eV, 8.5 eV] . Angular momenta l g and l u respectively stand for l g ; (1ss g el) g and l u ; (2ps u el) u for l 5 0 (s g,u wave), l 5 2 (d g,u wave), … (even l) and l g ; (2ps u el) g and l u ; (1ss g el) u for l 5 1 (p g,u wave), l 5 3 (f g,u wave), … (odd l). A (time-dependent) asymmetry is expected when for a given angular momentum a substantial population is simultaneously present in both the 1ss g state and the 2ps u state (g and u).
In analysing mechanism II, we performed one-dimensional TDSE calculations that describe the evolution of a wave packet initially in the 2ps u state and centred at the H 2 equilibrium distance. In these calculations, only the 1ss g and 2ps u states were included and the infrared pulse was launched at different times to simulate the delay, t, between the pump and probe pulses. We also used the Landau-Zener model, in which the transition probability between the two dressed states of equation (4) is given by 9 W~exp {pv 2 0 (R) 4v IR m(R)E 0 (t) where E 0 (t) is the envelope of the laser pulse. We used this to evaluate the probability for a diabatic transition and, hence, the population in the quasistatic states. This led to an asymmetry parameter that is similar to that obtained from the one-dimensional TDSE calculations. 
